The chemical dynamics of lakes and streams affect their suitability as aquatic habitats and as water supplies for human needs. Because water quality is typically monitored only weekly or monthly, however, the higher-frequency dynamics of stream chemistry have remained largely invisible. To illuminate a wider spectrum of water quality dynamics, rainfall and streamflow were sampled in two headwater catchments at Plynlimon, Wales, at 7-h intervals for 1-2 y and weekly for over two decades, and were analyzed for 45 solutes spanning the periodic table from H + to U. Here we show that in streamflow, all 45 of these solutes, including nutrients, trace elements, and toxic metals, exhibit fractal 1/f α scaling on time scales from hours to decades (α = 1.05 ± 0.15, mean ± SD). We show that this fractal scaling can arise through dispersion of random chemical inputs distributed across a catchment. These 1/f time series are non-self-averaging: monthly, yearly, or decadal averages are approximately as variable, one from the next, as individual measurements taken hours or days apart, defying naive statistical expectations. (By contrast, stream discharge itself is nonfractal, and self-averaging on time scales of months and longer.) In the solute time series, statistically significant trends arise much more frequently, on all time scales, than one would expect from conventional t statistics. However, these same trends are poor predictors of future trends-much poorer than one would expect from their calculated uncertainties. Our results illustrate how 1/f time series pose fundamental challenges to trend analysis and change detection in environmental systems.
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aquatic chemistry | watershed hydrology | environmental monitoring | pink noise | flicker noise T rends in stream chemistry are widely used to monitor the environmental health of the surrounding landscape (1) (2) (3) , and the chemical dynamics of aquatic environments can affect the health, genetics, diversity, and ecology of their organisms (4) (5) (6) (7) . Solute dynamics in streamwater also provide important clues to the structure and function of headwater drainage basins, which regulate the delivery of water, sediment, nutrients, and contaminants to rivers and lakes downstream (8, 9) . Time series of chemically passive tracers, including Cl − , 18 O, and 2 H, can be used to measure time scales of storage, mixing, and transport in drainage basins and stream networks (10, 11) . Time series of chemically reactive solutes, on the other hand, can be used to infer runoff flow paths and quantify biogeochemical processes (12, 13) .
Long-term trends in stream water quality have been documented for decades (1) (2) (3) , and high-frequency dynamics have more recently been studied for individual solutes of interest (14) (15) (16) , but until now, data limitations have hindered efforts to systematically survey the dynamics of stream chemistry across a wide range of solutes and time scales. For this purpose, the hydrochemical time series at Plynlimon, Wales, provide a data resource that is unique worldwide. Rainfall and streamflow in two headwater catchments, the Upper and Lower Hafren (SI Appendix, Fig. S1 ), have been sampled at 7-h intervals for 1-2 y (17, 18) and weekly for over two decades (19) . Each of these samples has been analyzed for dozens of solutes, spanning six orders of magnitude in concentration and including every row of the periodic table (SI Appendix, Tables S1 and S2). The 45 analytes presented here include alkali metals (Li, Na, K, Rb, and Cs), alkaline earths (Be, Mg, Ca, Sr, and Ba), transition metals (Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Sn, and Pb), nonmetals (B, NO 3
, total S, Si, As, and Se), halogens (Cl − and Br − ), and lanthanides and actinides (La, Ce, Pr, and U), as well as total dissolved nitrogen (TDN), dissolved organic nitrogen (DON), dissolved organic carbon (DOC), Gran alkalinity, pH, and electrical conductivity.
These water quality time series vary on all measurable time scales, from hours to decades ( Fig. 1 and SI Appendix, Fig. S2 ), and thus are natural candidates for spectral analysis. Spectral analysis is widely used for detecting periodic signals, but is also particularly useful for evaluating persistence in time series (20) . A spectral slope of zero indicates a time series with no persistence (white noise). Spectral slopes between zero and 1 indicate a stationary time series with weak persistence, whereas spectral slopes steeper than 1 imply nonstationarity and strong persistence (20) . Time series with spectral slopes of 1, termed 1/f noises because their spectral power is inversely proportional to frequency, mark the threshold between stationarity and nonstationarity.
Results and Discussion
All 45 solutes in streamflow show clear fractal 1/f α power spectra, with power-law slopes close to α = 1 (Figs. 2 and 3 and SI Appendix, Fig. S6 ). Many solutes exhibit seasonal cycles in streamwater (19) and their associated spectral peaks are clearly visible, but only in five cases (DOC, NO 3 − , K, Fe, and As) do they account for more than 30% of the variance in the long-term record. Likewise, many solutes exhibit diurnal cycles, particularly during low-flow recessions (17), but they never account for more than 3% of the variance in the high-frequency data sets.
Thus, the dominant feature of the streamflow concentration spectra is the clear inverse proportionality between spectral power and frequency, termed 1/f scaling. This fractal scaling cannot go on forever in either direction; each spectrum must be shallower than 1/f below some low-frequency limit (otherwise it implies a time series with infinite variance), and each spectrum must also be steeper than 1/f 2 above some high-frequency limit (otherwise it implies that the underlying process is discontinuous). Nonetheless, most of the 45 solutes show clear 1/f scaling that spans 3-4 orders of magnitude, from hours to decades, the full range of time scales visible in the data.
The spectral slopes of all 45 solutes cluster in relatively narrow ranges: 1.03 ± 0.11 and 1.06 ± 0.15 (means ± SDs) in Upper and Lower Hafren streamwater, respectively ( Fig. 3 and SI Appendix, Table S5 ). In bulk precipitation, these same solutes have much flatter power spectra, with slopes of 0.36 ± 0.09. There is a tendency for anions and other weakly sorbing solutes in streamwater to have steeper spectral slopes than the average (e.g., Cl , and DOC, as well as conductivity and Na, which are strongly correlated with Cl − in these maritime catchments), but there are exceptions to this rule (e.g., Br − ). Solutes that are weakly sorbing may most clearly express the spectral effects of dispersive mixing in the subsurface (SI Appendix). By contrast, there is a tendency toward shallower spectral slopes for some trace elements (e.g., Be, Se, Br − , Mo, Cd, and Pb), which could arise because some of these elements are likely to be strongly sorbed to particulates (again, Se and Br − are exceptions) and thus may undergo more episodic transport. Regardless of these individual differences, the most striking feature of the solute spectra is their overall consistency with 1/f scaling.
For chemically passive solutes derived primarily from atmospheric deposition, including 18 O, 2 H, and (in maritime settings) Cl − , these catchments act as fractal filters, converting nearly white-noise atmospheric inputs into fractal 1/f streamflow outputs (10, 21, 22) . The spectral slopes of Cl − , a chemically passive tracer of sea salt deposition, are 0.41 ± 0.02 in precipitation and 1.29 ± 0.05 and 1.40 ± 0.06 in Upper and Lower Hafren streamflow, respectively (means ± SEs), implying that these catchments act as spectral filters with a 1/f fractal signature (i.e., the ratio between the output and input spectra scales as 1/f). Fractal filtering of atmospheric inputs has been previously observed for Cl − , not only at Plynlimon (10) but also in other geologically diverse catchments (21, 23, 24) , suggesting that our observations may be broadly applicable.
Origins of Fractal Scaling. The 1/f scaling that we observe is not restricted to atmospherically sourced, chemically passive solutes like Cl − , but instead is universal across a wide range of solutes, with widely varying chemical characteristics and diverse sources in the natural environment. For example, mass balance calculations show that Li, Be, Mn, Fe, Co, and U are predominantly (>90%) derived from sources within the Upper Hafren catchment rather than from atmospheric deposition (SI Appendix, Table S3 ). Nonetheless, these analytes all have spectral slopes of 0.88-1.09, similar to the 1/f signature of atmospherically sourced tracers. Likewise, the toxic metals Be, Cr, Co, Ni, Cu, Zn, As, Se, and Pb have widely varying degrees of chemical reactivity, but they all have spectral slopes of 0.85-1.21 in Upper Hafren streamwater. And the universal spectral signature is not attributable to strong correlations between the time series of the various solutes, because the average r 2 between pairs of solutes is less than 0.1.
Thus, the mechanisms behind the observed 1/f scaling cannot depend on the particular chemical characteristics of the solutes themselves. One-over-f noise was first observed almost a century ago in electrical circuits (25) , and later in a wide variety of natural phenomena (26, 27) , with many diverse theoretical models being proposed to explain it (28) . Many proposed explanations involve superpositions of random fluctuations that relax or diffuse over a wide range of time scales (29) . Analogous mechanisms operate in catchments, where chemical signals originate from many different points on the landscape and undergo widely varying degrees of dispersion as they are transported to the stream. Under these general conditions, as we show in the SI Appendix, random chemical fluctuations across the landscapearising from atmospheric deposition or biogeochemical processes, for example-can be transformed into 1/f fluctuations in stream chemistry by both Fickian and so-called "anomalous" dispersion. Other models have also been proposed, including continuous-time random walks (30) and simulations combining advective-dispersive groundwater transport with spatially explicit subsurface heterogeneity (31) , with in-channel mixing (32) , and with vadose-zone and land-surface processes (33). (One-over-f noises are also often attributed to self-organized criticality, but this is not a plausible explanation here because the physical mechanisms controlling solute concentrations in natural waters do not resemble critical phase transitions.) In addition to the hillslope-scale advection-dispersion processes outlined in the SI Appendix, in larger river basins the branching structure of the river network could introduce additional geomorphological dispersion of chemical fluctuations (34) . However, because travel through the channel network is much faster than hillslope transport, hillslope processes should normally dominate the transport response observed at the basin scale (35) .
In contrast to the solute concentrations, stream discharge itself is distinctly nonfractal, scaling as white noise (slope of zero) at low frequencies and approximately as a random walk (slope of 2) at high frequencies (Fig. 2) . This spectral behavior can be readily explained by the steep nonlinear dependence of discharge on catchment water storage (36) , which prevents catchment storage from either filling too far (because any excess will run off) or draining too much (because discharge will rapidly decline). Thus, on time scales much longer than individual storm recessions, average stream discharge must approximately equal average atmospheric forcing by precipitation and evapotranspiration. On monthly and longer time scales, this forcing resembles white noise at Plynlimon, and thus discharge does as well. On much shorter time scales, catchment storage integrates fluctuations in atmospheric forcing over time. This integro-differential relationship (36) implies that storage fluctuations (and thus discharge fluctuations, which are functionally linked to them) should have a spectral slope equaling that of the atmospheric forcing, plus 2, at these shorter time scales-hence the spectral slope near 2 at high frequencies.
Implications for Water Quality Trend Detection. The universal 1/f scaling of solute concentrations, as shown in Figs. 2 and 3 and SI Appendix, Fig. S6 , poses significant challenges to detecting changes and quantifying trends in water quality. This 1/f scaling implies that these time series contain equal spectral power (and thus equal variance) in each octave of frequency; this has the important consequence that averages taken over longer and longer intervals of time do not converge toward a stable value (27, 37) , in contrast to white noise processes, for which the central limit theorem guarantees convergence at the familiar rate of n −0.5
. Despite its longstanding importance as a limit to measurement precision (27, 37) , this non-self-averaging behavior has often remained unrecognized in environmental analysis. Fig. 4 and SI Appendix, Fig. S10 illustrate the issue. Here we plot the rms differences between adjacent pairs of local averages, as a function of the length of time over which those averages are calculated. The leftmost points show the rms differences between successive individual 7-h samples; the next points show the rms differences between successive means of two 7-h samples, and so forth. The rightmost points show the rms deviations between successive 5-or 10-y averages (depending on the length of the available record), each composed of roughly 250 or 500 weekly samples. As the figures show, these long-term averages are typically about as variable, one from the next, as individual weekly or 7-h samples.
The non-self-averaging behavior described by the horizontal rms traces in Fig. 4 and SI Appendix, Fig. S10 contrasts sharply with the convergence of means predicted by the central limit theorem (shown by the slope of the heavy gray lines). The observed non-self-averaging behavior goes beyond just long-term persistence, as exemplified by the well-known Hurst effect (38), which often describes stationary processes in which means converge, but do so more slowly than n −0.5 (weak self-averaging). However, the rms traces also show little evidence of nonstationary drift or secular trends, which would cause the rms values to increase with increasing time scale. Instead, the rms traces, along with the 1/f power spectra, suggest that these solute time series are poised at the threshold separating stationarity from nonstationarity.
In contrast to the solute concentrations, both stream discharge and its logarithmic transform (shown in black and dark gray in the slope of the heavy gray lines) at time scales longer than ∼1 mo, with averages becoming steadily less variable over longer averaging time scales. The time scales over which discharge is self-averaging correspond approximately to the frequency range where the discharge spectrum exhibits white-noise scaling (Fig.  2) . The solute concentrations, by contrast, show no general tendency toward white-noise scaling at low frequencies or toward self-averaging behavior at long time scales.
The non-self-averaging behavior of the solute concentrations implies that their long-term variability is much greater than one would expect from their short-term behavior. One practical consequence of this phenomenon is that statistically significant trends in water quality can arise much more frequently, on all time scales, than one might expect. These trends are also poor predictors of future trends. For example, among the 45 solutes and the two streamflow sampling sites, there are a total of 1,655 individual solute-years for which annual trends can be fitted from the weekly sampling data, and 18% of these trends-180× the number expected to arise by chance-are statistically significant at P < 0.001 when assessed by conventional t tests (Fig. 5A) . However, these same trends are unreliable guides to future trends; for example, 11% of the annual trends in the weekly data are statistically different (P < 0.001) from the immediately preceding annual trends of the same solutes.
Surprisingly, having more data makes these problems much worse. The counterintuitive behavior outlined above becomes more pronounced, not less, with longer time series and more intensive sampling. As Fig. 5 shows, 65% of all of the 10-y linear regression trends in streamwater are statistically significant at P < 0.001 by conventional t tests, and over 60% of such 10-y trends are significantly different (P < 0.001) from the immediately preceding 10-y trends in the same solutes, indicating that even such long-term trends are unreliable predictors of future trends. Even higher proportions of statistically significant trends, and higher proportions of statistically significant differences between successive trends, are found in the 7-h water quality time series than in the weekly data (Fig. 5) .
These examples show that water quality can be surprisingly dynamic and unpredictable across a wide range of solutes and time scales. This behavior defies naive expectations that water quality should have stable means and smooth trends, and confounds conventional statistical approaches that assume a clear separation of time scales between the signal and the surrounding noise. Such approaches will overestimate the significance, and underestimate the uncertainty, of trends in multiscale time series (39) . Alternative statistical methods are available for handling such time series (40) (41) (42) (43) , but outside of climate trend detection (42, 44) , they have rarely been applied in environmental analysis.
The prevalence of coherent but continually shifting trends is characteristic of the non-self-averaging behavior of these 1/f time series. In contrast to classical examples of 1/f "noise" (37), however, the non-self-averaging in these natural systems does not primarily arise from measurement uncertainties per se. Thus, the 1/f noise in water quality is not strictly noise, but rather a signal reflecting natural processes; it arises primarily because catchments store, transport, and dispersively mix solutes over a wide range of space and time scales, as described in the SI Appendix.
In addition to these storage, transport, and mixing processes, water quality dynamics will also reflect the time series behavior of chemical inputs and within-catchment chemical reactions. Unambiguously distinguishing these different influences on water quality time series can be problematic. This problem highlights the need for better estimates of the time scales over which catchments store and mix solutes. These time scales can be used to set an approximate upper bound on the length of trends that could plausibly be artifacts of solute storage and mixing, and conversely to set a lower bound on the length of trends that could be unambiguously attributed to external forcing or biogeochemical processes.
Two aspects of catchment storage complicate efforts to quantify storage time scales, however. First, catchment storage includes both a dynamic component, which fills and drains in response to precipitation, and a residual component that remains even under dry conditions. Although dynamic storage can be inferred from streamflow variations (36) , residual storage often accounts for most of a catchment's total storage and chemical "memory" (36, 45) . The relatively large volume of residual storage, in comparison with the relatively small range of dynamic storage variations, implies that catchments' chemical memory can be much longer than their timescales of hydrologic response to rainfall. Residual storage cannot be estimated from catchment hydrologic behavior, but rather must be inferred from the behavior of passive tracers such as Cl − , 2 H, and 18 O (10, 21, 45) .
Second, to the extent that this residual storage is bypassed by high flows (rather than flushed out by them), a catchment's chemical memory can be much longer and more variable than one would infer from its steady-state mean residence time, as estimated by dividing the storage volume by the mean flow rate. The fractal 1/f spectra observed in passive tracers in many diverse catchments (21) imply that catchment storage is not characterized by conventional "mixing-tank" dynamics with a fixed characteristic timescale, for which the expected spectral scaling would be 1/f 2 (10, 46) . Although catchments are often modeled as well-mixed reservoirs, such conceptual models are not congruent with physical reality: a catchment simply has no compartment where its entire subsurface storage is continually and completely mixed, and there is no physical mechanism by which such mixing could occur. Instead, the observed 1/f spectra are much more consistent with dispersive mixing processes, operating in heterogeneous subsurface media and exhibiting a broad spectrum of residence time scales (21, 46, 47) , which may also vary with changes in the temporal patterns of rainfall and evapotranspiration (48) (49) (50) .
The universal 1/f spectrum of stream chemistry implies that catchment storage, transport, and mixing can generate visually and statistically convincing trends in surface water quality across a wide range of solutes and time scales. These trends may be hard to distinguish from other water quality trends that arise from long-term changes in nutrient or pollutant inputs, for example, or from biogeochemical reactions. Inferring changes in catchment inputs or biogeochemical process rates from temporal patterns in stream water quality must therefore be approached with caution.
Materials and Methods
Sampling and Chemical Analysis. Our chemical time series come from two small catchments, Upper Hafren and Lower Hafren (1.22 and 3.58 km 2 , respectively) at Plynlimon, Wales (SI Appendix, Fig. S1 ). The Upper Hafren is predominantly moorland, whereas the Lower Hafren is predominantly Sitka spruce plantation. Bulk deposition was sampled using continuously open collectors in a moorland clearing at Carreg Wen at the edge of the Upper and Lower Hafren catchments. Bulk deposition and streamflow were sampled manually once each week, beginning in 1983 at Lower Hafren and 1990 at Upper Hafren (19) . During a 2-y intensive sampling campaign (2007) (2008) (2009) ), this manual sampling was supplemented by autosamplers that collected 24 samples per week, one sample every 7 h (17). On return to the laboratory, the samples were filtered (0.45 μm) followed by analysis using standard methods, including inductively coupled plasma (ICP) optical emissions spectroscopy (for major cations, B, total S, and Si), ICP-MS (for trace elements), and ion chromatography (for anions). Sampling sites and methods are described in more detail in the SI Appendix, and the raw data and metadata are provided in Datasets S1 and S2.
Conditioning of Time Series. We transformed several time series that exhibited strong nonstationarity in variance or strongly skewed distributions. We also normalized each time series for correlations with stream discharge to minimize the confounding influence of streamflow variations (51, 52) . At Plynlimon, acidic soils overlie more alkaline bedrock (53) , resulting in strong correlations between several analytes and the logarithm of stream discharge. For five solutes in particular (pH, alkalinity, Ca, Al, and Si), the underlying chemical fluctuations are obscured by streamflow variations, with the result that the 1/f spectral signature of the chemical dynamics is strongly overprinted by the spectrum of log(Q) (SI Appendix, Fig. S4 ). Likewise, for these five solutes, the non-self-averaging behavior of the chemical dynamics is overprinted, at time scales of months and longer, by the self-averaging behavior of log(Q). Correcting the chemical time series for flow-dependent variations by taking residuals of smooth splines fitted to the concentrationdischarge relationship (SI Appendix, Fig. S3 and Table S4 ) reveals the underlying 1/f spectral signature and the corresponding non-self-averaging behavior for these five solutes. That is, the power spectra (Fig. 2 ) and rms traces (Fig. 4 ) of these five solutes closely resemble those of the other 40 solutes when the time series are flow-corrected, but would more closely resemble those of log(Q) if the time series were not flow-corrected. For the other 40 solutes, flow-correcting the chemical time series does not substantially affect the power spectra or the rms traces. Nonetheless, for the sake of consistency, all 45 chemical time series were flow-corrected before analysis (see SI Appendix for details).
Estimation of Power Spectra. Data gaps occurred intermittently due to autosampler failure or analytical problems, and also whenever rainfall yielded insufficient volume for chemical analysis. Such gapped time series require special Fourier analysis techniques, particularly for reddened spectra such as 1/f α noises, because spectral leakage from low frequencies with high power can contaminate the higher frequencies in the spectrum where the true signal is weaker. We used an adaptation of Foster's weighted wavelet transform (54) to suppress this leakage in estimating the spectrum. Because the gapped sampling has a regular (weekly or 7-h) time base, we used Kirchner's filtering method (55) to correct for spectral aliasing, which would otherwise lead to artificial flattening of the spectrum at high frequencies. In the SI Appendix we describe the computational details of our spectral methods and present the results of benchmark tests. All of our source codes (written in C) are available from the corresponding author. 
